A full length cDNA clone that codes for human histldyl-tRNA synthetase (HRS) and cDNA clones that span the full length transcript of hamster HRS have been Isolated.
We show that the complete gene spans 18 kb and contains 13 exons.
MATERIALS AND METHODS

Cloning of cDHAs for CHO and hnian histldyl-tRNA aynthetaae
The CHO cDNA library and the human SV40 transformed fibroblast cDNA library (both constructed in the pCD vector) were provided by Okayama (7) . The CHO cDNA library in the pCD vector was screened by a 3' CHO cDNA probe (pHRSl, 250 bp) described previously (8) . A second small CHO library (30,000 recombinants ) was constructed using mRNA from histidinol resistant CHO cells, using the procedure of Gubler and Hoffman (9) . This latter CHO cDNA library and the human cDNA library were screened by a more 5' genomic fragment (3 kb) of the HRS chromosomal gene. cDNA probes were nick translated using the Amersham nick translation kit and (a-32 P)dCTP (specific activity 3000Ci/mmol; Amersham) to a specific activity of 1-2 x 10" cpm/ug. Hybridization conditions were as described previously (8) .
Screening of the genoalc library for the CHO HRS chromoBoaal gene A wild type CHO genomic library prepared in the X phage EMBL3 was provided by Shotwell and Ray. Genomic clones were screened for inserts corresponding to HRS by in situ plaque hybridization (10) . For more detailed analysis, genomic fragments generated by digestion with BamH 1, Sal 1 or Hind III were subcloned into either psp64, psp65, GEM 1 or GEM 2 vectors.
Restriction maps and DHA sequence analysis
The location of restriction endonuclease cleavage sites in the inserted DNA was determined by digesting the DNA with several restriction enzymes under the conditions recommended by the manufacturer. All DNA sequencing was done by the Sanger dideoxy chain termination method (11) . Dideoxynucleotide triphosphates, deoxynucleotide triphosphate were from the Bethesda Research
Laboratory. DNA polymerase (Klenow fragment) was from Boehringer
Mannhein. The cDNAs were either sequenced directly as double stranded restriction fragments or exonuclease III generated fragments subcloned in the vector GEM 1 or 2 (Promega) (12) , using a Sp6 promoter primer or a T7 promoter primer (Promega), or sequenced using the 17mer universal primer (New England Biolabs)
after subcloning Into the phages M13mpl8 and mp19 (Bethesda Research Laboratory). DNA sequences were established by analysis of both strands and analysis of fragments across the restriction sites. Genomic DNA fragments were sequenced directly as double stranded exonuclease III generated fragments subcloned in the vectors GEM 1 or 2 (Promega) (12) , using a Sp6 promoter primer or a T7 promoter primet (Promega). The lysates were centrifuged at 10,000 x g for 15 min. Determination of histidy1-tRNA synthetase activity was as reported previously (8) .
Transient expression
Cell lysates were also denatured by boiling in 2Z SDS and 0.5 mM DTT for 3 min., and run on a 7.5Z SDS-acrylamide gel (14 
Selection of long ten transfectants
D10-5 cells (CHO mutants that have a temperature sensitive HRS) (15) were co-trans fee ted with recombinant plasmid DNA (human HRS cDNA in the expression vector pCD) and pSV2 Neo plasmid DNA (19) by the calcium phosphate method (13) . Forty-eight hours after transfection , the cells were doubly selected by growing in 400 jig/ml Geneticin (G418 sulf at e ;Gibco) at 39°C. Cells mock transfected or transfected with only pSV2 Neo plasmid DNA were used as control. Single cell colonies were picked and expanded and RNA preparations were made as described below. No viable colonies were found in control transfected cells.
Northern blot analysis
Total RNA was isolated from cell cultures using the guanidinium isothiocyanate method followed by CsCl centr1fugation (16) . RNA preparations were run on 1.5Z agarose gels containing formaldehyde (17) . After transfer of RNA onto nitrocellulose, RNA blots were probed with a nick translated 3' Bgl I -BamH I restriction fragment of the human cDNA for HRS.
RESULTS
Isolation and characterizations of cDHA clones for hlstldyl tRNA synthetase
Since our cDNA clone only consisted of 250 bp (8), our first objective was to isolate full length clones of the hamster gene. A CHO cDNA library constructed with the pCD vector was screened with the 250 bp (pHRSl) clone (8) as the hybridization probe (see Materials and Methods). Ten different positive cDNA clones were isolated but the longest insert was only 660 bp (pHRS2). Restriction endonuclease and southern blot analysis of the restriction enryme digested 660 bp pHRS2 (see Fig.l ) indicated that pHRSl was located close to the 3' end of the cDNA. At the bottom of each map are strategies used to determine the nucleotide sequence of the cDNA clones .
As a second approach and to obtain more clones, we decided to profit from the fact that our histidinol resistant CHO lines contained 30 fold increased levels of mRNA (8) . We therefore constructed a small cDNA library using this mRNA (see Materials and Methods).
In work on the HRS genomic DNA (Fig. 6 ), using pHRSl as probe, we had Isolated a unique Sal I -BamH I fragment (from a phage clone called HRSX2) fron a genonic library prepared in phage EMBL3. Because this fragment was about 3 kb in length and because it was known to be at the 5' end of the gene (this fragnent hybridized to the HRS transcript in Northern blot analysis but did not hybridize to the cDNA pHRS2 which contained the complete 3' end of the HRS gene), we used it to probe the second library.
It would be expected that we would probably identify cDNA clones with more 5' HRS sequences. Twelve positive recombinant plasmid clones were obtained from the screening of 30,000 recombinant clones. Restriction enzyme mapping revealed two clones with inserts of 1.14 kb and 1.13 kb (pHRS3 and pHRS4), respectively, (Fig. 1) . The inserts of these two cDNA clones overlapped with each other and spanned 1.9 kb of the 5' end of cDNA for HRS. The 3' end of pHRS3 also overlapped with pHRS2 ( Fig. 1 ). In total, 2.08 kb of cDNA sequences for HRS were obtained. This is the length to be expected from the size of the HRS gene transcript (see later) and it indicates that we have obtained the full length cDNA hamster gene transcript.
Since we were interested in the comparative analysis of the gene for HRS from various organisms, we then carried out experiaents to isolate the human cDNA for HRS. A human SV40-transformed fibroblast library, constructed with the pCD vector (7), was mRNA preparations were subjected to el ec t rophore s i 8 in a 1.5Z RNA-f o rmal d ehy de gel.
The mRNA was transferred to nitrocellulose and hybridized with a nick translated 3' Bgl I -BamH I restriction fragment of the human cDNA for HRS in the presence of 501 formamlde at 65°C. screened using the Sal I -BamH I genomic fragment from HRS2 as hybridizing probe.
1.4 x 10" recombinant plasmids were screened and twenty independent positive cDNA clones were isolated. We were thus able to obtain a long insert of about 2.1 kb. Using this 2.1 kb fragment as a probe for Northern blot analysis of human lymphoblast raRNA, we identified a 2.1 kb RNA transcript, indicating that the human HRS cDNA is probably full length.
Thus we have succeeded in isolating full length human and hamster cDNAs for the gene for HRS. We have compared the restriction maps of the two cDNAs and these are shown in Fig. 1 . There are clearly some common, as well as different, sites between the cDNAs of the two species, as would be expected from their nucleotide sequence comparison (see later).
Expression of hunn HRS cDHA
Considerable evidence was obtained in our earlier work (8) that the original cDNA clone represented a fragment of the HRS gene.
However the availability of full length cDNAs provided the opportunity to obtain much more definitive proof for this contention, that is, we were now able to conduct a functional assay for the cloned gene. In our case, we believe that the mammalian genes we have cloned represent the genes for hamster and human cytoplasmic HRS since no leader sequences, characteristics of mitochondrial proteins , were found at the 5' end of the coding regions. We do not know whether there are one or two genes that code for mammalian HRS. Further analysis will be necessary to obtain more information on mammalian mitochondrial HRS.
A number of E. coli and yeast genes for aminoacyl-tRNA synthetases have now been cloned (2, 6) .
Comparison of aminoacyltRNA synthetases (for the same amino acid) between yeast and E. coli have revealed information regarding structural organira-tion. With both methionyl-tRNA synthetase (26) and glutaminyltRNA 8ynthetase (27) , an alignment can be made between a central region of the E. coll and yeast proteins. Nothing Is known as yet of the functional significance of the conserved regions of these enzyme pairs. Recently, Regan et al (28) identified a common immunological determinant in E. coli and silkworm alanyltRNA synthetase. By analysis of ten fragments of the E. coli enzyme the cross-reacting epitope has been mapped to that part of the enzyne which is essential for alanyl adenylate synthesis. In the case of histidy1-tRNA synthetase, on comparing four species of HRS throughout the animal kingdom (le E. coli, yeast, hamster and human), a significant homology was located in a middle region of all the four species of HRS. We are in the process of testing whether this conserved area represent the core catalytic domain of the enzyme. The availability of the full length cDNAs and the transfection assays will allow us to study the structural and functional relationship of this enzyme.
A number of genes for aminoacy1-tRNA synthetases in yeast have been cloned (20, 26, 27, 29) . None of these were shown to be split into exons. From the studies in bacteria concerning structural and functional relationship of the genes for aminoacyl-tRNA synthetase, there is considerable evidence that there are different domains in the structure of these enzymes (1, 4, 5, 30, 31) . The information on the lntron-exon boundaries of the 13 exons of the chromosomal HRS gene will enable us to address the question of whether these exons correlate to different domains of the HRS polypeptides.
